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Brook trout populations have been extirpated in many Virginia streams due to poor water 
quality thus establishing populations of brook trout for recreational fishing is an 
important priority of fisheries management. The ability of a stream to protect developing 
brook trout (Salvelinus fontinalis) eggs and larval fish from adverse effects from 
acidification and metal toxicity as well as provide needed minerals such as magnesium 
(Mg
2+
) and calcium (Ca
2+
) for early-stage development is controlled primarily by 
geology, which influences water hardness and acid-neutralizing capacity (ANC). The 




 water hardness and ANC on 
the early stages of developing brook trout as well as parameters such as dissolved 
nitrogen gas (N2), sulfate concentration (SO4
2-
), and ultra-violet light (UV). In order to 
more effectively accomplish the objectives, the research was performed in a two-phased 
study; one phase in the lab and the second phase in-situ. A 107-day laboratory 
experiment was performed where brook trout eggs and larval brook trout were reared in 




 water hardness, ANC and SO4
2-
 to determine any 
differences in survival, growth rate, and yolk-sac to whole-body area ratio. A 31-day in-
situ study was performed where brook trout eggs were hatched in South River springs, 
Montebello Fish Culture Station (MFCS) spring and South River main-stem water to 
determine how survival is impacted by water quality. Results indicated that when water is 
high in both Ca
2+
 and ANC, there was a high survival and growth rate. It was also found 
that brook trout with a ‘home field’ advantage, where brook trout hatched in water where 
the brood stock were reared and spawned for many generations, had high growth rates 





facilitate improved early-stage survival and growth.  Low levels of Ca
2+ 
correlate with 
lower yolk-sac to whole-body ratio, which suggests the importance of available Ca
2+
 
during early development. There were conflicting results regarding SO4
2- 
as it was 
detrimental in the 107-day lab study and beneficial in the 31-day in-situ study. There was 





 as opposed to Ca
2+ 
yet the yolk-sac was more depleted when SO4
2- 
was coupled with Mg
2+
 possibly due to the primary uptake method being via diet and not 
from the environment as it is for Ca
2+
. For the 31-day in-situ study, a linear regression 
showed a negative relationship between N2 and percent survival (R
2
=0.58, p<0.001). A 
step-wise regression was performed on the in-situ data to develop a best-fit model which 




=0.672, p<0.001).  The in-situ dataset has 
low and high values for N2 but is lacking intermediate values. Due to this gap in data a 
quadratic regression of only MFCS data was performed which shows that as N2 increases 
above 100%, survival increases and then begins to decrease rapidly above 103.5% 
(adjusted R
2
=0.43, p<0.001). This implies that N2 does not have as much of an effect 
until it reaches higher saturation levels.  Springs along the South River have ideal 
temperature, moderate concentrations of Ca
2+
 and ANC and do not have excess fine 
sedimentation however; N2 has a considerable impact on brook trout survival during the 
early stages of development. This research helps identify some concerns regarding 
spawning habitat for the establishment of a brook trout population in the South River and 
it demonstrates the importance of aquaculture in fisheries management as well as 







 There have been many anthropogenic impacts on our natural waters such as 
pollution due to industrialization, sedimentation from agricultural land use, 
channelization and contamination from urbanization (e.g. Drever, 1997; Hudy et. al., 
2008; MacAvoy & Bulger, 1995). There are also natural variations in water chemistry 
due to geological structure such as soft and hard water streams and springs. All these 
factors affect the biota inhabiting the streams in our watersheds. This research project 
focused on water chemistry parameters such as those determined by geology and natural 
processes during residence time in aquifers on the development and survival of brook 
trout (Salvelinus fontinalis) eggs and larval fish in an aquaculture setting and in situ in 
deep springs along the South River in Waynesboro, VA. 
 Brook trout reproduction begins when a female is ready to spawn in the fall and 
she builds a nest in the gravel of a stream called a ‘redd’ and then the male fertilizes the 
eggs by releasing sperm (called ‘milt’) over them. The eggs hatch after approximately 
one month, with timing dependent upon water temperature and genetically based 
development rate (Fig. 1). Immediately after hatching the fish are referred to as ‘alevins’ 
as they will remain on the bottom substrate and continue to grow utilizing resources from 
the yolk-sac. Once the yolk-sac is depleted, they begin to swim towards the water’s 
surface (known as ‘swim-up’) in search of food resources such as planktonic micro-
organisms in the water. As they continue to grow and begin feeding on macro-
invertebrates, they are termed ‘fry’ and when they reach the size of a human finger, they 




Aquaculture has become increasingly more important as many natural fisheries 
have become overharvested. Aquaculture has become paramount in supplying many 
artificial and natural recreational fisheries as well as supplying commercial and retail 
demands, which continue to increase worldwide (Naylor et.al., 2000). Aquaculture also 
provides opportunities for research on various aquatic species as it offers a highly 
controlled environment very similar to laboratory conditions. In order to provide high 
quality fish, managers of aquaculture facilities place a significant emphasis on water 
supply resources in regards to quality as well as quantity. 
Figure 1: Stages of developing brook trout 
including egg (1), hatch (2), alevin/ swim-up 
(after yolk-sac depletion) (3), fry/ fingerling 





As stated by Wedemeyer (2001), the single most significant factor in producing a 
healthy crop of fish is the quality of the aquatic environment in which they are grown. 
Parameters of dissolved oxygen gas saturation (O2) and temperature are largely 
significant for the successful production of quality fish in aquaculture. Because feed rates 
are not limiting in the controlled environment of a fish culture station, the parameters of 
O2 and temperature highly influence metabolism and growth rates of the fish species 
being cultured. In order to produce fish at a faster rate than would be accomplished in 
their natural habitat, the aquaculturist can manipulate O2 and temperature by various 
methods. This is standard practice at most fish culture stations and thus many 
aquaculturists measure O2 and water temperature and make adjustments as needed. 
However, the routine measurements of pH, water hardness, ANC, SO4
2-
, N2, and UV 
light level are much less common. 
 
pH/ ALKALINITY/ WATER HARDNESS RELATIONSHIPS 
According to Wurts and Durborow (1992), pH, alkalinity and water hardness are 
all interrelated chemical parameters in an aquatic environment. In order to discuss any 
one of these parameters, the others must be considered as well. For example, according to 
Drever (1997), rainwater in equilibrium with the atmosphere in which no other 
controlling factors are at play, will equilibrate with carbon dioxide (CO2). CO2 enters the 
water and forms carbonic acid (H2CO3). Some of the H2CO3 reacts to form bicarbonate 
(HCO3
-
). Some of the HCO3
-
 reacts to form carbonate (CO3
2-
). These various carbon 
species all exist in solution in equilibrium according to the partial pressure of CO2 in the 




5.6 in order for the solution to be chemically electrically neutral (the number of positive 
charges equal the number of negative charges). 




in solution in units of milligrams per 
liter (mg l
-1
) equivalent to dissolved calcium carbonate (CaCO3). Similar to pH, the 
alkalinity of pure rainwater in equilibrium with atmospheric CO2 would be a value that 
could be mathematically calculated. According to the United State Department of the 
Interior, United States Geological Survey (2016), many of the waters in the Shenandoah 
watershed are geologically similar in that the primary rock types are dolostone and 
limestone. The primary component of limestone is calcite (CaCO3) and the primary 
component of dolostone is dolomite which is a calcium magnesium carbonate 







. Water hardness measures the quantity of positively 




 in units of mg l
-1
 of CaCO3. Separating 
variables of chemistry in a limestone or dolostone stream in the Shenandoah Watershed 
would be extremely difficult since the pH, alkalinity and water hardness would not only 
be affected by the geology but those parameters would be governed by the geologic 
composition of the region. 
The Shenandoah Valley has mostly karst geology with the dominant rocktypes 
being dolostone and limestone, bordered by The Blue-Ridge mountains and the Allegany 
Mountains, which have predominantly silica clastic geology. River and spring water in 




 and alkalinity as 








The importance of acidification of natural waters causing declines in fisheries has 
been well documented (e.g. Shenandoah Watershed Study & Virginia Trout Stream 
Sensitivity Study, 2015; Sayer et. al., 1993). Most natural streams would be expected to 
have a pH between 6 to 8 however, anthropogenic impacts have caused decreases in pH 
to much lower values. Acidification is caused by deposition of acidic compounds either 
from meteoric precipitation (rain, mist, snow, etc…) and dry deposition from the 
atmosphere or from runoff and groundwater contamination. Drever (1997) describes 
many of these compounds as being from the combustion of fossil fuels, smelting of non-
ferrous metals as well as sulfide minerals from mining. 
Alkalinity is described by Drever (1997) as a natural water’s ability to neutralize 
acidity. Alkalinity contributes to the acid neutralizing capacity (ANC), which is a 
measure of the overall ability of water to buffer against acidification and includes ions as 
well as particulates that buffer against acidification. A natural stream has the ability to 
recover from acidification events if the ANC is relatively high thereby preventing pH 
levels from dropping as intensely during acute acidification events as well as chronically. 
Streams with a high ANC are those with geological bedrocks that dissolve readily by the 
natural and continuous weathering process of bedrock such as limestone and dolostone 








react with the hydronium ions (H
+
) present in acidic water from acidification and buffer 
the water, minimizing the decrease in pH. 
MacAvoy and Bulger (1995) performed bioassays in three streams in the 
Shenandoah National Park of varying ANC by stocking hatchery brook trout fry. In three 
of the four bioassays performed, their results suggest the higher the ANC levels, the 
higher the survivorship of brook trout. They suggest this may be due to the streams’ 
ability to compensate for pH fluctuations due to rain and snowmelt events. 
 
pH 
One major reason why fisheries have declined so significantly due to chronic 
acidification of natural streams is due to the inability of fish to effectively reproduce, 
which is known as recruitment failure (Brown et. al., 1988). Thus, researchers have 
focused many studies on the effects of acidification on the early stages of fish 
development (Tam & Payson, 1986; Sayer et. al., 1993; MacAvoy & Bulger, 1995). 
The effects of acidification have also been extensively researched in a number of 
ways to determine the effects of low pH specifically on egg production, development, 
survival, and growth rate at various low pH values. Ingersoll et. al. (1990) demonstrated 
that an increase in age (from freshly fertilized eggs to the swim up fry stage) lessened the 
sensitivity to acid toxicity to brook trout. This emphasizes the importance of the effects 
of low pH on early-stage development. 
 The effect of pH on egg development starts even before the eggs are produced. As 
shown by Tam and Payson (1985), female brook trout raised in a hatchery environment at 




development is strongly correlated with body size, there were a significantly lower 
numbers of eggs produced by those fish. 
Once the eggs are expressed and deposited in the streambed, the importance of 
stream water quality becomes even more significant in the survival of brook trout. 
According to Sternecker et. al. (2013), in the hyphoreic zone of a stream bed the 
interstitial water quality is determinant of hatching success of salmonids eggs. Ikuta and 
Kitamura (1995) exposed male and female rainbow trout eggs to low pH water (< 5) and 
found that low pH had drastic reduction on percentage of eyed embryos from females and 
smaller effects on percentage of deformation in embryos from males grown at pH < 5. 
Their results suggest low pH affects maturation of oocytes as well as the maturation of 
gametocytes. 
Menendez (1976), subjected brook trout eggs to pH < 5.0 resulting in 
significantly fewer viable eggs and pH < 6.5 result in a decrease in ability for eggs to 
hatch and survive after hatch. Ingersoll et. al. (1990) also found similar results at pH < 
5.2, the survival of eggs that had been freshly fertilized as well as eyed eggs had 
significantly lower survival and hatch rates. Furthermore, Menendez found the survival 
and growth of alevins was significantly decreased at lower pH levels. Ingersoll et. al. 
(1990) also found similar results in yolk-sac and swim-up fry having lower survival rates 
at pH values of 4.4 – 4.0. 
 
MITIGATION FOR ACIDIFIED STREAMS 
In the eastern United States, efforts are underway to restore native brook trout 




changes in a natural stream in response to acidification is a basic parameter for many of 
the restoration efforts government agencies and interest groups use to assess the status 
and threats to streams for restoring populations of extirpated native brook trout 
populations. The Eastern Brook Trout Joint Venture (EBTJV, 2006) is a project focusing 
on the restoration of native brook trout in the eastern United States and the ANC value is 
an indicator used to evaluate the potential for a stream to tolerate acidification, which 
helps evaluate which streams may need to be prioritized for restoration efforts. 
An active method for restoring a stream that has undergone chronic acidification 
and subsequently seen the extirpation of native brook trout populations is to apply 
limestone sand to the headwaters of the mountain stream (Downey et. al, 1994). This 
process has been used successfully for restoring brook trout populations by creating an 
environment suitable for brook trout reproduction. Hudy et. al. (2000) demonstrated the 
success of this method on Fridley Run in the George Washington National Forest, 
Virginia. Transplanted native brook trout from a similar, nearby stream, were able to 
reproduce in subsequent years following the addition of limestone sand to the headwaters 
of Fridley Run. One of the benefits of the liming process is that it improves food 
resources for brook trout by improving macroinvertebrate communities in the stream. 
Some macroinvertebrate species are sensitive to diminished water quality and thus, there 
presence, or lack of presence can also serve as an ecological indicator of stream water 












. These ions are vital to fish health because they affect the permeability of 
membranes for osmotic regulation of ions therefore precluding diffusive flow as well as 
increased losses of ions to the surrounding aquatic environment (Silva et. al., 2003; Wurts 
and Durborow, 1992). This can affect many biological processes such as heart, muscle, 
and nerve function, bone and scale formation, blood clotting and other metabolic 
processes. Calcium can be highly beneficial during the development of eggs as it may 
protect the chorion from hydrated polar organic molecules (Maetz, 1974 in Chatakondi 
and Torrans, 2012). 
 Teleosts can obtain Ca
2+
 through diet but the major mechanism for uptake is via 
the gills through chloride cells on the gill membranes (Hwang et. al., 1996). According to 
Hwang and Hirano (1985), prior to gill development, the primary mode of Ca
2+ 
uptake is 
through skin chloride cells and is vitally important during this critical phase of 
development. However, Bijvelds et. al. (1996) suggest Mg
2+
 acquisition is primarily 
through diet and uptake through the gills is a secondary method of transport. Bijvelds et. 
al. (1997) found that waterborne Mg
2+
 levels have been shown to impact the internal 
magnesium balance as well as affecting the branchial ion regulation of Mozambique 
tilapia (Oreochromis mossambicus). 
 According to Taghizadeh et. al. (2013), calcium is also a major component in the 
growth of vertebrates for the formation of collagen matrix involved in forming the 




kutum) had higher growth rates and survival at 70 and 150 mg l
-1
 of CaCO3. In order for 
skeletal growth in fish to occur successfully, the ossification process requires calcium to 
be available in the surrounding water as acquiring calcium from the water via absorption 
is the primary path for the uptake of this mineral (Blanksma et. al., 2009). 
Flik et. al. (1986) demonstrated that the rate of growth of teleosts as well as the 
extent of larval skeletal development was constrained by the lack of available calcium in 
the surrounding aquatic environment. Blanksma et. al. (2009) found that fathead 
minnows (Pimephales promelas) cultured in Ca
2+
 abundant water resulted in increased 
survival rates but decreased whole body mass compared to fathead minnows cultured in 
low-calcium water. This implies a level of complexity in how the biology of fish can 
respond to varying conditions with limiting factors. 
Chatakondi and Torrans (2012) found that Ca
2+
 hardness improved hatching 
success of hybrid channel catfish (Ictalurus punctatus) crossed with blue catfish 
(Ictalurus furcatus) at Ca
2+
 hardness levels of 75 mg l
-1
 of CaCO3 over Ca
2+
 hardness of 
25 to 50 mg l
-1
 of CaCO3 however, at Ca
2+
 hardness levels higher than 75 mg l
-1
 of 
CaCO3, there was no further increase in hatching success. This implies a range of water 
hardness to maximize hatching success. Ketola et. al. (1988) found the optimal hatching 
calcium water hardness for brook trout to be 64 mg l
-1
 of CaCO3. 




 hardness, on the hatch rate 
of silver catfish (Rhamdia quelen). It was shown that at a water hardness of 70 mg l
-1
 of 





They also found at higher Ca
2+
 concentrations above 20 mg l
-1







The toxicity of metals in natural waters due to contamination is of major concern 
for many salmonids streams. Many of the metal ions in natural waters are from 
anthropogenic sources such as industrial wastes, urban waste and runoff however, some 
metal ions are from the weathering of the underlying geology. The severity of toxicity is 
often lessened by variation in water chemistry. 
Aluminum is especially damaging to brook trout as inorganic monomeric 
aluminum (Alim) can interfere with gill function by precipitating onto the gills (Downey 
& Hampton, 2009; Baldigo et. al., 2007). During acidification episodes in a natural 
stream such as a rain event or snow melt, Alim from sandstone in the surrounding bedrock 
is more soluble at lower pH and can cause higher Alim concentrations in the stream. The 
excess hydronium ions (H
+
) from acidification can displace Ca
2+
 from the gills. Increased 
levels of Ca
2+




 ratio reduces damage 
from Alim. ANC can also help reduce Alim toxicity as the CO3
2-
 decreases pH and reduces 
Alim concentrations by reducing the solubility of Alim. 
Ingersoll et. al. (1990) also confirm these findings where higher levels of Ca
2+
 
were beneficial to brook trout at all life stages when exposed to Alim. The level of benefit 
was dependent on pH and Alim concentrations (Fig. 2). This is especially important as 
increases in Alim concentration tend to coincide with acute acidification events, which 
imply the organisms subjected to acidification events will experience multiple stressors 




Stubblefield et. al. (1997) found as water hardness increased, the chronic toxicity 
of manganese to developing brown trout eggs (Salmo trutta) decreased significantly. 
Terzi and Verep (2011) demonstrated the toxicity of mercury chloride (HgCl2) to 
fingerling rainbow trout (Oncorhynchus mykiss) decreased at higher water hardness 
(hardness from 35 to 120 mg l
-1
 of CaCO3). According to Michibata et. al. (1986), 
cadmium is less toxic to aquatic organisms at higher water hardness and found that Ca
2+
 
was the major contributor to the suppression of cadmium toxicity whereas Mg
2+
 was not. 
Perschbacher and Wurts (1999) also found that the effect of Ca
2+
 hardness was more 
important than Mg
2+
 in the toxicity of copper in channel catfish in a low-alkalinity 
aquatic environment. A possible mechanism to explain the benefit Ca
2+
 has on the effect 
of metal toxicity was proposed by Matsuo et. al. (2004) which suggests the Ca
2+
 ions 
competitively inhibit the uptake of metals. 
Figure 2: Survival in the 91-day fertilized brook trout egg 
experiment fitted by the regression model (adapted from 




The ability of water hardness and alkalinity to protect aquatic organisms from 
chronic toxicity of metals is well documented but determining which parameter is more 
important is very challenging since they are so highly interrelated.  According to Miller 
and Mackay (1980) Ca
2+
 hardness was more significant in guarding fish from toxicity to 
copper than alkalinity in research on fingerling rainbow trout. As stated by Wurts and 
Perschbacher (1994) by treating alkalinity and water hardness as independent variables, 
they observed that alkalinity concentration had a more significant effect on the acute 
toxicity of copper in juvenile channel catfish (Ictalurus punctatus). 
 
SODIUM, CHLORIDE AND SULFATE EFFECTS 
 In the process of manipulating water chemistry in order to determine the effects of 




 and chloride 
(Cl
-
) ions as the secondary ions to add to their solutions. These ions can also influence the 
development of brook trout eggs. 





in the body fluid of fish and resulted in a decrease in osmotic pressure. This emphasizes 




 for proper functioning of fish osmotic balance. According 
to Bartlett and Newman (1997), Cl
-
 has the most significant impact on the toxicity of 
nitrite to salmonids however they suggest that alevins are more tolerant to nitrite toxicity 
then adult Brown Trout. Russo et. al. (1981) concur that Cl
-
 does have the ability to 
suppress nitrite toxicity. Russo et. al. (1981) also suggest that nitrite toxicity to rainbow 
trout (Salmo gairdneri) is higher when SO4
2-
 was used as the anion as opposed to 






be 14 mg l
-1
 for improving eye pigmentation, hatching rates and ion content for rainbow 
trout eggs (Oncorhynchus mykiss). 
 
ULTRAVIOLET LIGHT 
 UV has also been shown to be detrimental to the survival and health of many 
species of fish, especially during the early stages of development (Hader et. al., 2007). 
This sensitivity to UV radiation can be a result of damage to biological molecules such as 
DNA and proteins vital for optimal health. 
UV radiation of frequency between 280-320 nm is called UVB.  Hickford & 
Schiel (2011) found that high levels of UVB caused decreased survival of eggs of inanga, 
G. maculatus. This sensitivity to UV underscores the importance of a healthy riparian 
zone surrounding the spawning habitat of brook trout populations and their ability to 
maintain sustainable populations. 
 
DISSOLVED NITROGEN GAS SATURATION 
 The saturation of dissolved gases is determined by temperature and pressure 
(Weitkamp & Katz, 1980). As pressure increases, the capacity for water to contain 
dissolved gases also increases. Deep springs are characterized by high pressure due to the 
depth of water and the long residence time of water in a deep spring can result in the 
breakdown of organic matter. N2 is common in some natural water sources and if 
dissolved N2 gas becomes supersaturated, it can cause emboli to form in the blood which 
can block blood flow and can result in decreased health and even mortality (Bouck, 1980; 




 There is evidence that saturated gas pressures cycle seasonally in springs although 
the mechanism is still unclear (Bouck, 1984). These fluctuations can influence salmonid 
populations depending on when the gas saturation cycle peaks in relation to when the 
salmonid species residing downstream of a supersaturated spring undergoes spawning. 
Bouck (1984) found that four streams in Oregon had peak gas pressures during August 
and the lowest pressures in late November. In one Oregon stream that was heavily 
planted with trout, the returns to this stream were very low and it was assumed that trout 
were possibly migrating to avoid gas supersaturation. This has important implications for 
management of fisheries and should be considered when working to establish a fishery in 
a stream impacted by gas supersaturation. If a stream was sampled for gas pressure at 
only one part of the year, the profile of gas pressure cycles would be incomplete and 
would not properly inform fisheries management decisions. 
 
 
SOUTH RIVER, WAYNESBORO, VA 
 The South River in Waynesboro, VA is a very popular trout fishing destination 
for anglers from around the east coast. There are numerous events like the Fly Fishing 
Expo, the Riverfest, and the Virginia Fly Fishing & Wine Festival. However, brook trout 
have been unable to establish a reproducing population in the South River, which could 
further improve the trout angling opportunities in Waynesboro. 
Many of the streams in and around Waynesboro have been severely impacted by 
industrialization, agriculture and urbanization. One consequence of industrialization is 




system on the South River (South River Science Team, 2016). Another consequence of 
these land-use practices is excess fine sedimentation that has been shown to change 
invertebrate communities which provide food resources for brook trout and cause 
decreased intragravel O2 for eggs/ alevins (Cover et. al., 2008; Argent & Flebbe, 1999). 
Fine sedimentation also negatively affects salmonids by reducing spawning and rearing 
habitat and reducing their ability to forage effectively (Platts et. al., 1989). 
The South River has a karst geology which results in many deep springs that 
contribute large quantities of cool water to the South River (United States Department of 
Interior/ United States Geological Survey, 2016). Based on isotopic dating of 
chlorofluorocarbon, tritium and tritiogenic helium, the recharge rate is approximately 20 
to 23 years (USGS, 2016). Due to the dolostone and limestone geology in the South 
River area, the South River springs are high in Ca
2+
 and ANC which is why the South 
River could be considered a hard water stream. Combined with the large volumes of 
consistently cool water from the springs, this could be an optimal place for brook trout 
spawning and rearing habitat as it would not suffer from excess fine sedimentation. 
 
OBJECTIVES 
The first objective of this research was to determine if there are significant 





 and varying levels of ANC. The water hardness and ANC 
regimes were designed to mimic various natural waters that can be found in and around 
the Shenandoah Valley such as the deep springs along the South River in Waynesboro, 
VA. In order to accomplish this objective, the hypothesis tested was whether high water 




measured as percent survival, individual growth rate (IGR) and yolk-sac to whole-body 
area ratio for brook trout eggs, alevins and fry. The expectations are that treatments with 
higher total water hardness and ANC would have lower percent mortalities, higher IGR, 
and higher yolk-sac to whole-body area ratio during early-stage development. The reason 
for this increase in fitness may be that brook trout will have more improved osmotic 




 availability and 
uptake and consequently grow more quickly while using up fewer resources from the 
yolk-sac and have improved chance of survival. Brook trout fitness may also be improved 
by less extreme pH fluctuations due to the buffering from the higher ANC. Ca
2+
 is 
expected to have a higher impact than Mg
2+
 on fitness because Ca
2+
 may be more 
important for metabolic processes in early development for bone formation, nervous 
system and muscle function. 
A second objective was to apply knowledge gained in the first study and use it to 
inform the evaluation of the water chemistry of the deep springs along the South River in 
Waynesboro as potential habitat for early-stage brook trout development. The hypothesis 
tested by this research was whether the deep springs along the South River provide 
suitable natural habitat for early-stage development of brook trout as compared to the 
springs at the Montebello Fish Culture Station (MFCS) administered by Virginia 
Department of Game and Inland Fisheries (VDGIF), as evidenced by a higher percent 
survival of brook trout eggs and alevins. The expected results of this test were that the 
South River would provide optimal incubation habitat for brook trout due to the high 
Ca
2+
 water hardness and ANC as compared to MFCS, which has a silica-clastic bedrock 





METHODS AND MATERIALS 
Two separate experiments were performed to test the above listed hypotheses. 
There was an initial, 107-day laboratory experiment where eyed brook trout eggs were 




 water hardness and 
ANC (January 8
th
, 2015 to April 24
th
, 2015). The goal of this research was to determine 




 water hardness and ANC on brook trout egg, 
alevins and fry fitness as measured by percent survival, IGR and yolk-sac to whole-body 
area ratio. 
In the second experiment, eyed brook trout eggs were hatched in three springs 
along the South River, in South River main-stem water in an aquarium tank and in the 
first six ponds at MFCS for 31 days (October 15
th
, 2015 to November 15
th
, 2015). The 
purpose of this study was to evaluate the impact of the water chemistry of the deep 
springs along the South River in Waynesboro on the percent survival of brook trout eggs 
and alevins. This would be useful for determining whether the springs along the South 
River provide optimal habitat for early-stage development of brook trout. 
 
107-DAY LAB STUDY EXPERIMENTAL DESIGN 
Eyed brook trout eggs were acquired from the Marion Fish Hatchery (MFH), 
VDGIF and then transported to the MFCS residence workshop shed and placed in six 
separate tanks of various water chemistries in order to be hatched and grown for 107 
days. Each tank had a capacity of ten gallons and was equipped with a 12-inch air stone, 




breeder basket for eggs, cooling coils from a chiller to maintain a temperature of 8-15˚C 
and a Hobo data logger to track temperature (Fig. 3). The room lighting was set to 
provide light from 7:00 to 7:00 pm to provide a repetitive day/ night cycle. 
 
In order to mimic natural stream water quality found in the Shenandoah Valley, 
four treatments and two control tanks with initial chemistries shown in Table 1 were 
employed. The tanks were setup several weeks prior to egg delivery in order to refine 
temperature controls, establish initial chemistry and begin the nitrogen cycle to establish 
a population of denitrifying bacteria. Each treatment where chemicals were added had 
MFCS spring water as the initial solution since it is relatively devoid of ions due to the 
silica-clastic geology (Appendix A). A control tank with MFCS spring water and another 
control tank with Marion spring water were setup to compare the treatments to water 
Figure 3: Aquarium tanks at MFCS lab with treatments of developing 




chemistries currently in use for aquaculture. The control tank for MFH spring water was 
setup initially with MFCS water in order to establish denitrifying bacteria and then 
drained and refilled with MFH spring water upon receiving egg and water delivery from 
MFH. 
Upon initial setup of the tanks and after addition of chemicals, the tanks were 
sampled and then analyzed in Dr. Daniel Downey’s laboratory at the James Madison 
University Chemistry Department. Samples at all sites were collected quarterly or more 
frequently during the period December 4
th
, 2014 to April 24
th
, 2015 and were placed in 
pre-cleaned high-density polyethylene bottles and returned to the laboratory at 4°C for 
analysis.  Two groups of analyses were performed; analyses for major cations and anions 
contributing to charge balance and analyses for dissolved trace elements. Samples were 
measured for laboratory air equilibrated pH and ANC at 22°C.  After filtration with a 0.2-
Table 1: Initial water chemistry of 107-day experiment showing the 











micron filter (Gelman 4406 LC PVDF), portions of the water samples were measured for 
acid anions (chloride, nitrate and sulfate) and base cations (sodium, magnesium, calcium, 
potassium, ammonium) directly by ion chromatography and suppressed conductivity 
detection (Thermo-Dionex ICS5000+ DP).  Separations were performed by AS-18 
(anion) and CS-12A (cation) columns in the ion chromatograph.  Other elements (trace 
metals) were analyzed in filtered, acidified (trace metal grade nitric acid, Thermo-Fisher 
Scientific Co.) samples by inductively coupled plasma - mass spectrometry (ICP-MS) 
(Agilent 7500). Calcium/hydronium ion ratios (Ca/H) were calculated from the Ca
2+
 and 
pH values.  Titrations were performed with a research grade digital pH meter (Accumet) 
and glass combination pH electrode.  Analytical methods used are described elsewhere 
(Downey et al., 1994; APHA, 1998).  Mean values with pooled standard deviations for 
each chemistry parameter were tested by the null hypothesis values (significance level P 
= 0.05) for quality control (Miller, 1993). 
Basic chemistry parameters were monitored during the experiment on-site in 
order to identify problems that may affect results. The parameters monitored were pH, 
alkalinity, water hardness, conductivity, temperature, dissolved oxygen, nitrite, nitrate 
and ammonia. These parameters were monitored weekly or more frequently if necessary. 
Temperature (˚C), pH, and conductivity (μs) were measured using an EC500 Waterproof 
ExStik
®
 II pH/Conductivity meter. Conductivity readings were normalized to 25˚C using 
the equation 𝐶𝑛𝑜𝑟𝑚 =  
𝐶𝑜𝑏𝑠
(1+0.02∗(𝑇𝑜𝑏𝑠−25))
. Dissolved oxygen (mg/L) was measured with a 
YSI, 550A, Dissolved Oxygen Meter. Water hardness (mg/L of CaCO3), alkalinity (mg/L 
of CaCO3), nitrite (ppm), nitrate (ppm) and ammonia (ppm) were measured with a 




During the duration of the experiment, distilled water was used to make up for 
evaporative losses. There were two 20% water changes for each treatment on Feb. 15
th
, 
2015 and March 1
st
, 2015 to ensure the ammonia and nitrite toxicity in each tank was not 
causing mortality. The water change was accomplished using MFCS spring water and 
20% of the chemicals originally added for the initial setup. This was done to maintain the 
chemistry as close to the initial values as possible. 
Upon delivery of eggs from MFH, 100 eggs were indiscriminately selected and 
placed in each tank basket. A sample of eggs from each tank was photographed (Fig. 4) 
along a ruler and the diameter measured using Image J to determine if the eggs were 
statistically different in size (cm
2
), which may impact survival and IGR (Bascinar & 
Okumus, 2004). Mortalities of eggs, alevins and fry were counted, recorded and removed 
daily for each tank over the duration of the study. 
Yolk-sac to whole-body area ratio was determined by indiscriminately removing 
7 alevins from each tank one week (168 hours) after each tank’s prospective hatch time 
Figure 4: Brook trout eggs measured and photographed upon 




which was determined when 50% of the eggs were hatched (Fig. 5). The alevins were 
frozen and stored until they could be brought to the microscopy lab at James Madison 
University for analysis. Each specimen was thawed to room temperature and dried on a 
paper towel for 30 seconds and then placed on a white sheet of graph paper and a ruler 
for scale and photographed using a dissecting scope equipped with a camera from a fixed 
height of 10cm. The image was used to determine the percentage of yolk-sac area as 
compared to the whole-body area. This was accomplished using Image J software where 
area of the whole-body size was calculated by outlining the alevin whole-body and 
calculating the area and then outlining the alevin while excluding the yolk-sac and 
calculating that area (Fig. 6). The alevin area was subtracted from the whole-body to 




determine yolk-sac area. Yolk-sac area was then divided by whole-body area to provide a 
percentage of yolk-sac to whole-body area. 
Feeding began when no less than 80% of the remaining alevins in each tank were 
free-swimming. This was determined by observing each tank for 5 minutes and counting 
the number of alevins that fall to the bottom of the basket and remain motionless for 5 
seconds or more were counted as not free-swimming. Feed was administered twice a day 
at 1% of biomass per day for each tank. Biomass was measured weekly by collecting all 
remaining fish, straining through a net and held for ten seconds in the net to remove 
Figure 6: Yolk-sac to overall body size ratio 
determined using microscopic photography. 
Total body area (top image) and yolk-sac area 
(bottom image) measured in cm
2





excess water then weighed in grams to two decimal places.  The biomass was also used in 
calculating IGR from using the equation: 
𝐼𝐺𝑅 =  
[
𝑓𝑖𝑛𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠−𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑣𝑒 𝑏𝑟𝑜𝑜𝑘 𝑡𝑟𝑜𝑢𝑡
]
(#𝑜𝑓 𝑑𝑎𝑦𝑠)
⁄   
 
31-DAY IN-SITU EXPERIMENTAL DESIGN 
Eyed brook trout eggs from the Paint Bank Fish Hatchery (PBFH), VDGIF were 
maintained at each site for 31 days beginning October 15
th
, 2015 while survival was 
monitored. Three South River springs were chosen as they were representative of the 
various types of spring flows along the South River while still being relatively accessible. 
Rife Loth, Coyner and City spring where brook trout were hatched are shown in Fig. 7. 
In order to provide adequate flow to the brook trout eggs while providing a 
representative sample at each site, two ‘heath trays’ with nine compartments with 30 eyed 
Figure 7: South River spring sites in Augusta County and 





brook trout eggs in each compartment from PBFH were placed at each South River 
spring site inside plastic mesh boxes with plastic tote lids and plastic netting on top to 
protect the eggs from sunlight exposure and prevent interference (Fig. 8). The 
experimental design used at each of the South River springs sites provided an effective 
method for keeping eggs separated to prevent fungus from spreading too quickly; 
however, after the eggs hatched the alevins were capable of moving between the 
compartments so each heath tray was treated as a replicate as opposed to each of the nine 
compartments in each tray being treated as a replicate. Dr. Christine May’s Fall 2015, 
Freshwater Ecology lab students from James Madison University monitored, recorded 
and removed mortalities every three days or more frequently. 
An important control for comparison of water quality effects on brook trout egg 
and alevin survival was to hatch eyed eggs in the first six ponds at MFCS (Fig. 9). The 
Figure 8: Coyner spring with brook trout egg hatching 
trays and mesh boxes in place during initial installation 





water quality at MFCS is almost completely devoid of ions due to the silica-clastic 
geology of the area surrounding the facility which makes its soft water spring a glaring 
contrast to the hard water of the South River springs. Furthermore, each pond has a drop 
of several feet which aids in gas exchange. Additionally, South River main-stem water 
was maintained in a chilled aquarium tank in the MFCS lab for hatching brook trout eggs 
in hatching baskets as another control for further comparison. 
The experimental design employed at MFCS was altered due to equipment 
constraints. Instead of heath trays, rearing compartments were made by gluing 3” long 
sections of polyvinyl chloride (PVC) tubing together with mesh netting glued to the 
bottom and mesh netting held over the top with PVC rings (Fig. 10). In an effort to 
provide replicates in each pond with contrasting sunlight exposure, each pond was 
equipped with 3 compartments completely shaded by ¾” plywood and 3 compartments 
Figure 9: Montebello Fish Culture Station ponds 1 through 6 where 




fully exposed to natural sunlight. However, pond 6 was slightly different as it was 
equipped with two heath trays identical to the South River springs setup under the bridge 
over the raceway that protected the trays from sunlight exposure as well as 6 PVC 
compartments that were fully exposed to natural sunlight. 
With the objective of evaluating the impact of sunlight exposure, UV was 
measured in (Watts/cm
2
) using a LI-COR Quantum/ Radiometer/ Photometer (model 
#LI-250 Light Meter). The light reading was measured at each site on March 18
th
, 2016 
between 11:52 am and 1:10 pm. Each measurement was taken within an hour of the sun’s 
zenith, which was at 12:44 pm. The weather conditions were sunny and clear with no 
visible clouds. It is important to perceive these measurements as a relative value to 
Figure 10: Four separate views of hatching compartments employed at MFCS ponds 1 




represent a max potential light measurement at each site and not an overall assessment of 
all light exposure each treatment was subjected to. 
Similar to the South River springs sites, each compartment in ponds 1 through 6 
received 30 eyed eggs from PBFH on October 15
st
, 2015. The eggs were checked every 
three days by MFCS staff and mortalities were counted and removed. The PVC 
compartments were also effective at preventing the spread of fungus however, they 
proved to be superior to the heath trays since the alevins were unable to move from one 
compartment to the other so each compartment could be treated as a replicate thereby 
increasing the number of replicates for MFCS ponds 1 through 6. 
Brook trout hatched in MFCS ponds 1 through 5 were transferred into wooden 
boxes made with mesh netting on the sides and bottom to allow water to flow in and out 
while containing the brook trout in the ponds where they were hatched to determine the 
survival after during the swim-up phase (Fig. 11). The South River main-stem water 
Figure 11: Brook trout rearing boxes in MFCS ponds 1 through 
5 to continue the in-situ experiment for monitoring survival 




brook trout were also kept in the tanks during swim-up as well. Mortality was checked, 
counted and removed every three days. 
In order to accurately assess the water quality for each treatment, chemistry was 
sampled on the day of eyed egg installation (October 15
th
, 2015) and samples were 
analyzed by Dr. Daniel Downey’s chemistry lab at James Madison University Chemistry 
Department by the same procedures as described in the 107-day lab study experimental 
design. 
It was important to make an accurate determination of the N2 value, percent 
saturation dissolved O2 (DO) and percent saturation total gas pressure (TGP) for each 
treatment. TGP was measured using a Point-4 Tracker total gas pressure meter and 
percent DO was measured using a YSI 550A, DO meter. Nitrogen gas saturation was 
calculated with the following equation 𝑁2 =
[𝑇𝐺𝑃−0.2095(𝐷𝑂)]
0.7808
 as per the manufacturer’s 
instruction. The gas saturation levels were measured during the fall of 2015 (three 
independent measurements at each site) as well as during the spring of 2016 (one 
measurement at each site) to determine if seasonal cycles occurred in the springs where 
brook trout were hatched. Mean N2 was used in the regression models from the three 
measurements made in the fall. 
 
STATISTICAL ANALYSIS 
 In the 107-day lab study, the egg size data was initially evaluated using the 
Shapiro-Wilkes test, which showed that the distributions were not all normal but based on 
the histograms, the distributions were very similar so the medians were analyzed using a 
Kruskal-Wallis rank sum test and pairwise comparisons were done using Nemenyi-test 




tested using a one-sided Kolmogorov-Smirnov test to compare cumulative frequency 
distributions of all treatments to the MFH treatment. The IGR and the yolk-sac to whole-
body area ratio samples were tested statistically using a fixed effects analysis of variance 
test. Shapiro-Wilkes test and histograms were used to verify normal distributions and a 
classical Levene’s test was used to verify equality of variance in order to use a Tukey’s 
HSD post-hoc pair-wise comparison when appropriate. 
For the 31-day in-situ study, the response variable was percent survival for all 
analyses. Survival was tested using a two-sided Kolmogorov-Smirnov test to compare 
cumulative frequency distributions of all treatments to the South River main-stem water 
treatment. Simple linear regression was performed on mean % N2 (Fall, 2015) and 
percent survival for South River spring sites, MFCS, and South River main-stem water. 
To ensure the heath trays and PVC compartments did not affect survival; a t-test was 
performed on the data from the PVC compartments and heath trays in MFCS pond 6. A 
classical Levene’s test was used to verify equal standard deviations and Shapiro-Wilkes 
tests and histograms were used to verify a normal, mound-shape distribution. In order to 
develop a more informative explanation of the factors affecting brook trout egg and 
alevin survival, step-wise regression was performed using mean % N2 (Fall, 2015), UV, 
Ca
+2
, ANC, and SO4
2-
 for South River spring sites, MFCS, and South River main-stem 
water. A scatterplot matrix and correlation tests were used to determine linear 
relationships between independent variables. A best–fit model was selected using the 
Akaike’s information criterion (AIC). 
The survival of the brook trout hatched in MFCS pond 1 through 5 and South 




two-sided Kolmogorov-Smirnov test to compare cumulative frequency distributions of all 
treatments to the lowest survival, which was MFCS pond 1. 





 for only MFCS since the chemistry at each pond would be identical 
except for N2 and UV. This would give a more detailed perspective of the impact N2 and 




107-DAY LABORATORY EXPERIMENT 
In the 107-day study, egg size results show that all of the treatments had equal 
median egg sizes except for 50 ppm CaCO3 (0.141 cm
2
) and 50 ppm CaSO4 (0.128 cm
2
) 
(Kruskal-Wallis rank sum test, p = 0.026, Nemenyi-test post-hoc results shown in Table 
2). The difference in egg-size could have an impact on survival and individual growth 
rate. A larger egg might give an advantage to the 50 ppm CaCO3 treatment for surviving 
poor water quality and growing at a faster rate since more resources may be available. 
Table 2: Median egg size in cm
2
 for each treatment in 107-day study based on diameter 




Survival during early-stage development, as indicated by the dramatic decrease of 
all treatments beginning on Feb. 19
th
, was highest during the swim-up stage 
(approximately two weeks), which began five weeks after hatch (Fig. 12). The sigmoid 
shape of the decreasing survival show how critical the swim-up stage is for survival of 
brook trout. MFH and 50 ppm CaCO3 treatments showed percent survival approximately 
twice that of the other four treatments. Survival for all treatments except for 50 ppm 
CaCO3 were statistically higher than MFH treatment (Kolmogorov-Smirnov test, 
p<0.001). MFH and 50 ppm CaCO3 were both high in Ca
2+ 
and in ANC. Other treatments 
were high in Ca
2+
 and ANC independently; however, the corresponding survival was low 
in those treatments. These results suggest the importance of these two parameters (Ca
2+
 
and ANC) in conjunction with each other. 
Figure 12: Percent survival over time for each treatment of 107-day lab study 
including time when chemistry was sampled and when 20% water changes occurred 







 is the secondary ion coupled with Mg
2+
, the survival was low (36.0%) 
but not as low as compared to when it is coupled with Ca
2+
 where survival was the lowest 
(11.6%). Thus SO4
2-
 relates to improved fitness when in conjunction with Mg
2+
as 
compared to being coupled with Ca
2+
. 
The water chemistry of each treatment did undergo unforeseen changes during the 
duration of the experiment (Table B1, Appendix B). ANC in the MFCS water increased 
by more than 30 ppm and then decreased by more than 28 ppm and the Ca
2+
 increased by 
more than 17 ppm and remained at that higher level. The higher levels of Ca
2+
 and ANC 
would be expected to improve survival based on MFH and 50 ppm CaCO3 results and it 
may have had an alleviating effect but the survival was relatively low for this treatment. 
The low survival could also be a result of shock due to drastic changes in chemistry. One 
of the 20% water changes occurred just prior to the onset of high mortality in many of the 
treatments which may have been a factor of some treatments. The MFCS spring did not 
receive any chemicals for the water change since it was a control however, the distilled 
water used for evaporative losses could have affected the chemistry as well since it is not 
completely devoid of ions. Deionized or reverse osmosis filtered water would have been 
better for this purpose. 









 water. Many of the chemistry changes 
that occurred in the latter half of the experiment may be attributed to feeding the fry after 
swim-up since the feed and metabolites can contribute significant chemicals into the 
water. From the February sample to the April sample the ANC of the MFH water 




more than 55 ppm and Ca
2+ 
decreased by over 13 ppm. However, both of these treatments 
did not see a dramatic decrease in survival during that time frame. This may demonstrate 
that the initial chemistry at a very early stage of development may have a higher impact 
on future survival. 
The importance of water quality coupled with the critical swim-up stage impacts 
on survival suggests how important water quality is during the critical early stages. Egg 
size may have had an impact when comparing 50 ppm CaCO3 and 50 ppm CaSO4 
treatments; however, the MFH water was very similar to the 50 ppm CaCO3 treatment 
and had no significant difference in egg size compared to 50 ppm CaSO4 thus the 
difference in egg size may not have been a major factor affecting these results. 
The mean IGR was high for MFH & 50 ppm CaCO3, confirming the survival 
results however, 12 ppm MgSO4 also had a high IGR, which was unexpected (Anova, 
p=0.161, Table 3 & Fig. 13). Conductivity of the 12 ppm MgSO4 treatment increased as 
Table 3: Individual growth rate (IGR) for each 
treatment in 107-day lab study determined by 
dividing change in biomass per individual by 




feeding commenced, which may have contributed to the increased growth rate as the 
chemistry might have been more suitable for growth by an increase in much needed 
minerals like Ca
2+
. Another possible explanation may be errors in calculating and 
measuring feed quantities. When SO4
2- 
is coupled with Mg
2+
 it showed a high growth rate 
however, when SO4
2-
 is coupled with Ca
2+
 it resulted in the lowest growth rate. 
Consistent with the survival results, SO4
2-
 relates to improved fitness when in conjunction 
with Mg
2+
as compared to being coupled with Ca
2+
. 
There appears to be a divergence where the three higher growth treatments seem 
to be growing at a faster rate than the lower growth treatments at the beginning of April 
until the termination of the experiment, which may suggest that once a group of 
individual brook trout are set on a growth pattern, they may tend to stay in that pattern. 
Further research could be performed to determine what long-term effects are caused by 
early-stage growth rates. 
Figure 13: Surviving Biomass per individual determined by dividing 
total live biomass (grams) by number of survivors for each treatment 




Temperature has been shown to affect early-stage development growth rates of 
brook trout (Bascinar et. al., 2003) therefore; the conditions were maintained such that all 
treatments received the same temperature regime. Mean temperature for all treatments 
from egg delivery to termination (January 8
th
, 2015 to April 24
th
, 2015) was 10.71 ˚C 
∓0.14 ˚C. Other chemistry parameters monitored during the duration of the experiment 
are presented in Appendix B. 
From the perspective of population growth, the total biomass of all individuals is 
important to consider. If individuals grow at a high rate and then die prior to reproducing, 
then the overall impact of the improved growth rate does not improve the fitness of the 
population and consequently, does not improve the chances of a population to be self-
sustaining. The MFH treatment had the highest biomass and the 50 ppm CaCO3 had a 
high biomass as well (Fig. 14). The 12 ppm MgSO4 had a moderate biomass with the 
remaining three treatments having a low biomass. These results are consistent with the 
Figure 14: Total biomass of all survivors for each treatment in the 





The yolk-sac to whole-body area ratio was found to be the lowest in 12 ppm 
MgCO3 and highest in 50 ppm CaSO4 as shown in Fig. 15. The MFCS control compared 
to all other treatments has a lower concentration of Mg
2+
 but no significant difference in 
yolk-sac to whole-body ratio area. Both 12 ppm MgCO3 and 12 ppm MgSO4 were 
statistically lower than the four remaining treatments (ANOVA, n = 42, p < 0.001). These 
two treatments had low levels of Ca
2+
. Thus when Ca
2+ 
is high and Mg
2+
is low, the yolk-
sac is not depleted as quickly as when Mg
2+ 
is high and Ca
2+





are low as in the MFCS treatment, the yolk-sac is not depleted quickly. Coupled 





 minerals as well as the low ANC and therefore, did not deplete the yolk-
sac due to the slow overall growth rate. This may suggest that Ca
2+ 
is a critical 
component in growth for formation of bone, nerve and muscle development and function. 
When SO4
2-
 is coupled with Ca
2+
, the yolk-sac depletion is much lower than when 
Figure 15: Box plot for mean yolk-sac to whole-body area 
ratio (cm2) for brook trout hatched in 107-day experiment 







 thus in comparing resource usage, SO4
2-
 relates to lower fitness when 
coupled with Mg
2+
 as compared to being coupled with Ca
2+
, which conflicts with the 
growth and survival results. 
 
31-DAY IN-SITU EXPERIMENT 
There was a strong linear relationship between N2 and percent survival at the 
springs along the South River, MFCS and South River main-stem water with an R
2
 = 
0.58 (p<0.001) and a corresponding equation of %𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 = −3.35𝑁2 + 438.4 (Fig. 
16). This shows a considerable N2 impact on brook trout survival especially in some of 
Figure 16: Linear relationship of % nitrogen gas saturation and % 
survival of brook trout eggs and alevins at South River springs, 






the springs along the South River. The t-test on the survival data from the heath trays and 
PVC compartments in MFCS pond 6 show that there was no difference in mean survival 
between the heath trays and PVC compartments (n=8, p=0.781). 
The N2 values shown in Table 4 demonstrate that the MFCS ponds do not show a 
dramatic increase in N2 concentration however, the City Spring site does show some 
fluctuation.  A table with the dissolved gas measurements used for calculating N2 is in 
Appendix C. The presence of N2 in Coyner spring has also been confirmed by the USGS 
(2016) at 125% (saturation calculated using online nitrogen saturation calculator at 
http://www.hbuehrer.ch/Rechner/N2satur.html). 
The step-wise regression of N2, UV, Ca
2+
, ANC, and SO4
2-
 for South River spring 
sites, MFCS, and South River main-stem water shows that the best model for predicting 
Table 4: % N2 measurements from Fall, 2015 and Spring, 





percent survival includes N2 , ANC, UV and SO4
2-
 (p<0.001) with the corresponding 
equation: %𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 = −3.65(𝑁2) − 0.28(𝐴𝑁𝐶) − 0.02(𝑈𝑉) + 2.03(𝑆𝑂4
2−) + 372.7 
(Table 5). Chemistry parameters and a piper diagram are presented in Appendix C. 
Due to the gap in the dataset for the linear regression of N2 and percent survival, a 
regression of only MFCS was done to have a more informative view of the effect of N2. 
The regression of N2, UV, Ca
2+
, ANC, and SO4
2-
 for only MFCS show that the most 
parsimonious, best-fit model includes N2 and UV with an adjusted R
2
 of 0.317 and AIC 
of 144.4 (Table 6). The other parameters of Ca
2+
, ANC and SO4
2-
 were all the same 
values for each pond in MFCS spring as the water chemistry essentially does not change 
from pond to pond. This provides a more focused approach of the relationship of N2 and 
UV on percent survival. The results indicate the equation %𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 = −3.79(𝑁2) −
Table 5: Stepwise regression of South River springs, MFCS and South River 
main-stem water for best fit model using Akaike’s information criterion (AIC). 
Table 6:  Stepwise regression of only MFCS for best fit model using 




0.02(𝑈𝑉) + 486.1.  
A linear regression of the MFCS only data results in an adjusted R
2
=0.275 
(p<0.001) and an exponential regression gives an adjusted R
2
=0.277 (p<0.001). However, 
a quadratic regression (Fig. 17) provides a better fit for the relationship between N2 and 
percent survival for the MFCS data with an R
2
 =0.43 (p<0.001). The corresponding 
equation is %𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 = −2.99(𝑁2)
2 + 617.5(𝑁2) − 31,772.8. For all variables p-
value <0.01. 
 
The geochemistry of the South River springs as well other groundwater sources in 
the Waynesboro area are chemically distinct from the MFCS spring (Appendix C). Based 
Figure 17: Quadratic regression of relationship between N2 
and percent survival of brook trout eggs and alevins in  
first six ponds of MFCS spring (R
2




on the piper diagram, the Waynesboro area springs are described as Ca+Mg : HCO3 , 
Cl+SO4 however, MFCS Spring is described as Ca+Mg, Na+K : HCO3, Cl+SO4. This 
drastic difference is important to consider when comparing the results from the South 
River to those of MFCS. 
The survival during the swim-up phase at MFCS in the in-situ experiment shows 
results consistent with the 31-day in-situ experiment where pond 1 had the lowest 
survival (72.2%), pond 2 had the next lowest survival (76.1%) and the remaining 
treatments had percent survival between 82.2% and 86.7%, further confirming the 
negative impact of N2 (Fig. 18). MFCS pond 3, 4, 5 and South River main-stem water 
were statistically different than pond 1 (p<0.01). This also confirms what was learned in 
the lab study where the highest decrease in survival was during the swim-up phase and 
then survival levels off after this critical phase. 
Figure 18: Percent survival of brook trout hatched and reared in MFCS ponds 
1 through 5 and South River main-stem water [* denotes treatments that were 




These results contradict the lab study results in that the survival of the MFCS 
ponds 1 through 6 was no lower than 72.2% and the survival in the MFCS spring water of 
the lab study was 24.4%. In the MFCS ponds, fresh water is constantly flowing through 
the containment boxes where in the lab study, the water is being recycled during the 
experiment with only two 20% water changes thus emphasizing the importance of water 
quality on survival of brook trout. 
The cumulative survival of all treatments in the 31-day in-situ experiment 
demonstrates how the survival in the South River springs and MFCS pond 1 decrease in a 
steady linear fashion as opposed to the sigmoid shape seen in the 107-day lab study 
survival results (Fig. 19). This could be caused by different stressors acting on brook 
Figure 19: Percent survival of brook trout hatched and reared in South River 
springs, MFCS ponds 1 through 6 and South River Main-Stem water in the 
31-day in-situ experiment (* denotes treatments that were statistically different 




trout in the two experiments. 
 
DISCUSSION 
The survival results of the 107-day lab study indicate a ‘home field’ advantage, in 
which brook trout hatched in water where the brood stock were reared, spawned and eyed 
(MFH Spring), had the highest survival (76.7%). The 50 ppm CaCO3 treatment also had 
high survival (67.4%), which may possibly be due to an increase in initial egg size. 
During hatch and swim-up phases of development, both MFH Spring water and 50 ppm 
CaCO3 water had high levels of Ca
2+
 hardness in conjunction with high ANC compared 
to other treatments.  
     These results are consistent with previous studies and suggest that the high 
Ca
2+
 hardness and ANC are advantageous to rearing of brook trout by increasing survival 
(Ingersoll et. al., 1990; Ketola, 1988; MacAvoy & Bulger, 1995). Furthermore, the ‘home 
field’ advantage suggests there may be a genetic component from maternal effects in the 
development of brook trout possibly due to adaptation of a meta-population to a 
particular range of hardness and ANC found in a particular stream or drainage basin. This 
concept could be applied to aquaculture in a customized approach to management of 
stocked trout to genetically fit the destination stream by matching the rearing conditions 
to the geochemistry of the stream (Smith et. al., 2014); however, this may also simply be 
due to the ability of individual brook trout to respond to their environment. This genetic 
plasticity of brook trout is not necessarily a genetic adaptation acquired from successive 
generations. There is an opportunity for further research to determine whether the ‘home 




populations by exchanging fish traditionally reared at one facility with another and then 
reversing the exchange after many generations to see if the advantage still persists which 
would suggest plasticity as opposed to adaptation. 
Both the treatments with high Ca
2+
 hardness and high ANC (MFH spring & 50 
ppm CaCO3) had high IGR which supports the survival results. However, the 12 ppm 
MgSO4 unexpectedly also had high IGR. These results could be due to errors in feeding 
or the changing water chemistry, indicated by increasing conductivity in each treatment 
after the limited feeding began after swim-up. Growth rates have been shown to be 
density-dependent in salmonids (Lobon-Cervia, 2007). The change in chemistry coupled 
with the lower density of the 12 ppm MgSO4 treatment after the low survival during the 
swim-up phase may explain why these results occurred. 
The diverging patterns of the three higher growth rate treatments from the three 
lower growth rate treatments would make an interesting long-term study. If there are 
long-term effects from water quality at the early stages, then utilizing aquaculture to give 
fish a ‘head-start’ by hatching and rearing brook trout in high quality water for less than 
six months may be a high leverage endeavor at a lower cost while ensuring an increased 
fitness when stocked in a natural stream. This could be important to improving 
conservation and fisheries management efforts. 
The yolk-sac to whole body ratio may be an important factor if a brook trout 
depletes its yolk-sac prior to developing physiologically, then its ability to search for and 
acquire food may be dramatically hindered and ultimately lead to mortality. Many of the 




opportunity for further research to determine if the rapid depletion of the yolk-sac is a 
factor affecting survival. 
The yolk-sac to whole-body area ratios were statistically lower in both of the high 
Mg
2+
 treatments, this may indicate the lack of available Ca
2+
 in the surrounding water 
during the early stages can cause brook trout to obtain Ca
2+
 from its yolk-sac in order to 
develop properly. The high Ca
2+
 treatments with low Mg
2+
 levels did not show a major 




 did show higher yolk-sac 
depletion. These results are consistent with findings by Blanksma et. al. (2009) and Flik 
et. al. (1986) that Ca
2+
 uptake is primarily from the surrounding water via chloride cells 
in the skin and then via the gills after they develop adequately. If Ca
2+
 is not available in 
the surrounding water, it can be obtained in the diet which is primarily via the yolk-sac 
until the yolk-sac is depleted. It also agrees with Bijvelds et. al. (1996) that Mg
2+
 is 
primarily acquired via diet and so having abundant Mg
2+
 in the surrounding water does 
not aid in efficiently utilizing yolk-sac resources. Since freezing the alevins may have 
affected their size and subsequently, their surface area, the yolk-sac research could have 
been improved by storing the alevins in ethanol instead of freezing them. 
The effect of SO4
2- 
is a challenging parameter to fully understand. When SO4
2-
 
was used as the secondary ion, ANC was low and survival and growth rate results 
showed low fitness. This concurs with Russo et. al. (1981) who found that nitrite toxicity 
was higher when SO4
2-
 was used as a secondary ion. However, when SO4
2-
 was coupled 
with Mg
2+
 as compared to Ca
2+
 the fitness was higher for survival and IGR but lower for 
yolk-sac depletion. The yolk-sac depletion may be a product of how Mg
2+ 
is primarily 










 with a high ANC like what might be found in a stream 
with dolostone geology such as some of the streams in the Shenandoah valley. This 
would also offer an opportunity for further research to determine a more informed impact 
of SO4
2-
 on fitness. 
The survival in the 107-day lab study ranged from 76.7% to 11.6% whereas the 
survival of the 31-day in-situ experiment ranged from 100% to 59.8%. However, survival 
within the first month of the lab study for all treatments was greater than 90% which is 
high in comparison to the treatments in the in-situ experiment. The MFCS ponds 1 
through 5 that were reared and monitored during the swim-up phase resulted in survival 
rates that were higher than the treatments of the lab study except for pond 1 which was 
only slightly lower than the MFH treatment, which had the highest survival. One reason 
for these differences was that the lab study chemistry was not maintained as compared to 
the in-situ study. The variability in chemistry can cause shock to developing larvae and 
negatively impact the osmoregulation of ions (Croke & McDonald, 2002). The 
respiratory gill structures and chloride cells that are vital for uptake of important ions for 
growth and osmoregulation develop during the embryo-larval stage (Conklin et. al., 
1992). This emphasizes the importance of fresh flowing water for early stage brook trout 
and that the results from the lab study should be considered with caution. 
Based on the geology as well as chemistry samples taken in the springs along the 
South River, the Ca
2+
 and ANC are ideal for brook trout early-stage development. The 
springs also offer a relatively constant temperature within ideal range and do not suffer 
from excess fine sedimentation; however, the data points consistently to N2 impacts on 




yet the single variable of N2 explains 58% of the variation in the data. One other factor 
that may be affecting the results is O2 (Fig. C1, Appendix C). According to Bjornn and 
Reiser (1991), O2 should not decrease below 5 mg l
-1
 and the average should be above 8 
mg l
-1
 for embryos and alevins to incubate successfully. Although the O2 levels were not 
monitored continuously, measurements for all treatments are greater than or equal to 
89.19% (8.96 mg l
-1
). 
There may be an opportunity for the springs to be used in an aquaculture setting if 
the dissolved nitrogen gas is reduced to acceptable levels. Furthermore, based on what 
was learned in the lab study, it may be important to capture the adaptive potential of 
brook trout by developing resistance to N2 super saturation (Smith et. al., 2014). This 
may be accomplished using progressive approaches to analyzing transgenerational gene 
by environment interactions in multiple environments (Evans et. al., 2014). Rearing 
brook trout for several generations in the first pond of MFCS, which has been shown to 
have N2 levels high enough to decrease survival, may be a good way to begin this 
process. 
The stepwise regression of all the treatments demonstrates that there may be some 
important factors that also play a role in percent survival of brook trout eggs and alevins. 
UV did decrease percent survival but only by a small amount. However, UV may be even 
more important when eggs are freshly fertilized so testing that effect is another 
opportunity for further research. The impact of UV and N2 would be expected but some 
of the results were unexpected. Based on previous literature, ANC would be expected to 
increase survival and SO4
2-
 might be expected to decrease survival but the opposite was 




the South River springs where the chemistry values were much higher and there were few 
data points due to the alevins moving from compartment to compartment. 
The MFCS treatments provide an opportunity to focus on the impact of N2 
without other chemistry factors influencing survival as the chemistry is effectively 
identical for each pond. The quadratic regression shows the relationship of N2 and 
survival is not as strong with an R
2
 of 0.43 (p<0.001) but N2 may be higher in the 
substrate where eggs incubate as opposed to at the surface water where the N2 was 
measured. This may demonstrate that N2 may not impact survival as much at MFCS than 
other factors as the results of the combined data of the in-situ study suggest. The oxygen 
saturation may also be affecting this model and possibly help explain the quadratic shape 
as the lower ponds have lower oxygen levels (Appendix C, Fig. C1). It may also be that 
the N2 levels were just too low at MFCS to have a strong influence. However, there was 
evidence of the chronic effect of N2 in the form of gas bubbles found in the caudal fin 
tissue of a brook trout hatched and reared in pond 1 for over 5 months (Fig. 20). 
The results of the 31-day in-situ study regarding the impact of N2 on the survival 
Figure 20: Image of gas bubbles (circled in red) in the caudal fin 
capillaries of a brook trout hatched and reared in pond 1 at MFCS 
(Oct. 15
th






of brook trout during early-stage development is consistent with previous research 
(Bouck, 1980; Bouck 1984; Hans et. al., 1999), which underscores the importance of 
water quality and the need for optimal spawning habitat for brook trout populations. 
The survival of early-stage brook trout in MFCS is relatively high in ponds with 
lower levels of N2 therefore, MFCS may be an optimal facility to hatch and raise brook 
trout. MFCS may have been used at one time as a hatching facility, which implies the 
water quality is high enough to support the hatching of trout species. The water quality 
could be improved by adding limestone to the water source to further enhance the success 
of brook trout stocked in Virginia streams. 
This research helps demonstrate that aquaculture is a powerful tool for answering 
research questions relating to fisheries management. It also provides an important 
perspective of how aquaculture can be expanded for high leverage conservation and 
fisheries development by applying new technologies to improve assessment and targeting 
efforts. Biological organisms, especially aquatic organisms, are highly influenced by the 
habitat they occupy. Determining factors such as water quality, landscape, geology and 
historical land-use practices can have a strong impact in conjunction with human efforts 
on the success or failure of the establishment of biological populations. 
There is an opportunity to further this research by developing more informative 
models for stream water quality influences on early-stage brook trout development with 











Chemistry Parameters of Montebello Fish Culture Station Supply Waters and Outflow 
Thom Teears 






 The Montebello Fish Culture Station (MFCS) is a facility that raises Brook Trout, 
Rainbow Trout and Brown Trout in support of the Department of Game and Inland 
Fisheries “put-n-take” stocking program. This facility utilizes a supply of spring water as 
well as supplemental stream water for fish production. 
 In order to evaluate the water quality of MFCS, the chemistry of the spring, 
supplemental stream and effluent (Fig. A1) was measured for pH, temperature, TDS, 









Figure A1: Montebello Fish Culture Station spring, creek and effluent 

















 The geology of the area is primarily granulite (USGS, 2014) and the surrounding 
soils are composed of extremely stony Edneytown Peaks complex, very stony Saunook 
Loam and very stony Thurmont Loam (USDA, 2014). The spring is composed primarily 
of groundwater and the creek is a small perennial stream. The effluent is the discharge 
from the hatchery raceway after flowing through pens with trout being grown for 
distribution. The surrounding land is primarily rural forest land as the facility is located in 
the George Washington National Forest and there are small hay and beef farms in the 
area but the dominant land use is preserved forest. 
Based on preliminary sampling, surrounding land use, geology and soil 
information of MFCS, the alkalinity and TDS were suspected to be very low. This would 
mean the water is similar to rainwater in that it is juvenile in respect to the natural 
geochemical processes that affect the chemistry of natural waters (Drever, 1997). 
 Since MFCS is a trout production facility then the practice of high intensity fish 
production would expect to cause the effluent to the facility to be very high in nitrates 
and other wastes from the assimilation of high protein diets fed to trout. 
 
METHODS 
 All three samples were taken within a two-hour period and with all the same 
equipment and methods for each site in order to maintain consistency for comparison. 
Analyses of each site sampled were done with identical equipment and methods as well. 
Temperature, conductivity, total dissolved solids, dissolved oxygen, pH and 




(˚C), pH, conductivity (μs) and total dissolved solids (mg/L) were measured using an 
EC500 Waterproof ExStik
®
 II pH/Conductivity meter. Conductivity was normalized to 
25˚C using the equation Cnorm =  Cobs / (1+0.02*(Tobs – 25)). Dissolved oxygen (mg/L and 
%) was measured with a YSI, 550A, Dissolved Oxygen Meter. Alkalinity (mg/L of 
CaCO3) was measured with a LaMotte, alkalinity test kit. 
In order to preserve the samples for ion concentration analysis, the samples were 
filtered with a .45μm filter, stored at <36˚F and the cation samples were preserved with 
1-2 drops of nitric acid to reduce the pH by 2 pH units in order to prevent precipitation of 
cations. The cation concentrations were determined using an atomic adsorption 
spectrometer. The anion concentrations were determined using a Dionex™ ion 
chromatograph unit. Both of these units were used with permission from Dr. Steve J. 
Baedke in his laboratory at James Madison University in the geology department. 
 
RESULTS 
The analyses have been tabulated in Table A1 as well as graphed in a piper 
diagram (Fig. A2). The spring and creek are immature waters as they have low levels of 
ion constituents and resemble rainwater on the piper diagram. The effluent has higher 
levels of ions and resembles seawater from the high levels of Na
+
. All three waters are 
very under saturated with respect to calcite, dolomite, gypsum and halite. 
The pH of all three waters is slightly acidic and dissolved oxygen is substantial. 
The TDS is lowest in the spring and the highest in the effluent. The charge balance error 
is slightly higher than optimum for the spring and the creek however, this may be due to 




inaccurate at low ranges. The analyses should be reliable enough to interpret trends and 
evaluate the original hypotheses.  
 
DISCUSSION 
 The low TDS, the location on the piper diagram, the granulite geology and under 
saturation of minerals of the spring and creek suggest that these waters are immature and 
chemically not aggressive; they come from shallow depths and have low residence time 
in the ground. The spring and creek are ideal for aquatic organisms such as trout which 
are sensitive to water quality and a strain of native brook trout populates the stream as 
well as many other fish and invertebrates. The stream has a low ANC so it would not be 
Table A1: Water chemistry results from Montebello Fish Culture Station 




tolerant of acidification though it does not seem to be suffering from chronic acidification 
as indicated by the chemistry, aquatic diversity and abundance. This water flows into the 
Tye River and eventually to the James River and much of the downstream ecosystem is 
affected by the headwaters. 
The effluent resembles a seawater because of the piper diagram location and high 
Na
+
 but since this water is essentially not a natural water because of being discharged 
from a trout production facility, it should not be evaluated as a natural water. The higher 
levels of nitrates and other ions confirm the hypothesis that the outflow from a trout 
production facility would be discharging larger quantities of waste products as trout 
metabolize a high protein diet. 
 
Figure A2: Piper diagram for Montebello FCS spring, 















Table B1: Chemistry parameters monitored during 107-day lab study where brook trout 
eggs were hatched in water with varying Ca
2+
 and ANC levels (Chemistry tested quarterly 


















Table C1: Dissolved gas measurements for 31-day in-situ experiment (O2 in mg/l 







Table C2: Chemistry parameters monitored during 31-day in-situ study where brook trout 
eggs were hatched in South River springs, main-stem South River water and MFCS 
spring (0.00 indicates below detectable levels, ion concentrations were filtered samples). 
Figure C1: Total Gas Pressure and Oxygen saturation levels for the 31-day in-situ study 
where brook trout eggs were hatched in South River springs, main-stem South River 













Figure C2: Piper diagram of Waynesboro well and Coyner spring as 
reported by the USGS (2000) and Coyner spring, Rife Loth spring, 
City spring, MFCS spring and Main Stem South River water as 
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